We report new measurements on sup-gap energy structure originating from multiple Andreev reflections in mesoscopic SNS junctions. The junctions were fabricated in a planar geometry with high transparency superconducting contacts of Al deposited on highly diffusive and surface δ-doped n ++ -GaAs. For samples with a normal GaAs region of active length 0.3µm the Josephson effect with a maximal supercurrent I c =3µA at T=237mK was observed. The sub-gap structure was observed as a series of local minima in the differential resistance at dc bias voltages V ne = ±2∆ / ( ) with n = 1 4 ,2, i.e. only the even sub-gap positions. While at V e = ±2∆ / (n = 1) only one dip is observed, the n = 2, and the n = 4 sub-gap structures each consists of two separate dips in the differential resistance. The mutual spacing of these two dips is independent of temperature, and the mutual spacing of the n = 4 dips is half of the spacing of the n = 2 dips. The voltage bias positions of the sub-gap differential resistance minima coincide with the maxima in the oscillation amplitude when a 2 magnetic field is applied in an interferometer configuration, where one of the superconducting electrodes has been replaced by a flux sensitive open loop.
magnetic field is applied in an interferometer configuration, where one of the superconducting electrodes has been replaced by a flux sensitive open loop.
Introduction
The Andreev reflection is a second order quantum mechanical process by which an electron-like particle incident on the superconductor with a quasiparticle excitation energy ε above the Fermi energy, may be transmitted as a Cooper pair in the superconductor, if a hole-like particle with energy -ε is retroreflected along the path of the incoming electron [1] . For a superconductor-oxide-normal metal (S-I-N) interface, with a very thin oxide layer, or for an superconductor-semiconductor interface with a negligible Schottky barrier this leads to an increased conductance, which is seen as the so-called excess current at high voltage bias ( / ) V e > 2∆
. The sub-gap structure (SGS) is normally observed in Superconductor-Normal-conductorSuperconductor (SNS) junctions with peaks in the conductance at bias voltages V ne = 2∆ / with n = 1 3 ,2, .... This relation simply expresses the condition for maximum charge transfer for multiple Andreev reflections given the number of traversals of the normal region. The SGS was given a semiclassical explanation in Ref. [2] . However, the semiclassical model completely neglects scattering and the influence of coherent states in the normal region. Recently also coherent transport in short SNS junctions has been taken into account [3] . Meanwhile, considerable progress has been made in the understanding of the diffusive transport in normalconductors in contact with superconducting electrodes that carry no current, but induce a strong non-equilibrium state in the normal-conductor via the superconducting proximity effect [4] . Here, highly involved theory based on the Usadel equations and Greens functions techniques is employed. A gap in the understanding is the so-called fully out of equilibrium situation, where a finite voltage is applied between superconducting electrodes to a long diffusive normal-conductor. However, despite the apparently overwhelming theoretical complexity of this situation we will demonstrate, that the experimental results are surprisingly clear. In this paper we present new data on the SGS in long and highly diffusive SNS junctions.
Experimental techniques
In In the interferometer experiment a magnetic field was applied from a superconducting magnet driven with a high resolution current source. In experiments where the magnetic field was not swept, it was carefully zeroed to within 33 . µT corresponding to about one tenth of a flux-quantum penetrating the effective flux sensitive area obtained when flux expulsion from the superconducting areas due to the Meissner effect have been taken into account.
Results and discussion
For the sample with the shortest SNS junction L m ≈ 0 3
. µ , both the DC and AC
Josephson effect with a maximal supercurrent of I A c = 2 9
. µ at T mK = 237 was observed. The DC effect is shown in Fig.3 . The supercurrent could be clearly resolved
. . However, a detailed temperature dependence of I c cannot be extracted from the data. In Both in the differential resistance traces and in the oscillation amplitude a pronounced splitting of the SGS was observed. While at V e = ±2∆ / (n = 1) only one dip is observed, the n = 2, and the n = 4 SGS each consists of two pronounced separate dips in the differential resistance. Moreover in Fig.5 an additional very sharp dip between the B1 and B2 dips is also seen. This extra dip was only observed in the short junction. For the short junction measurements in Fig.5 the mutual spacing of the two sets of local minima (B1,B2) and (C1,C2) is independent of temperature. The spacing of the n = 2 dips is roughly 58µV , while the spacing of the n = 4 dips is 28µV i.e. about half the value of spacing of the n = 2 dips. For the long junction the splitting of the SGS amounts to roughly 30µV and again about half this value for the weak n = 4 SGS splitting. The origin of this splitting is not understood and calls for further theoretical investigation.
Conclusion
In conclusion, we have observed the Josephson effect and sub-gap energy structure originating from multiple Andreev reflections in highly diffusive Al/GaAs/Al SNS junctions. The SGS could be related to the phase-coherent transport observed in a flux sensitive interferometer at finite voltage bias V e = 2 2 ∆ / ( ) . A pronounced splitting of the SGS was observed, but is at present not understood. The DC Josephson effect for the 0 3
. µm sample. The inset shows the temperature of the maximal supercurrent.
Fig.3
Differential resistance vs. applied DC bias voltage for samples cut from three different wafers, with nominally identical layer configurations, but grown under slightly different growth conditions.
Fig.4
The differential resistance vs. applied DC bias voltage for the 11 . µm junction for different temperatures. All traces except base temperature trace have been offset for clarity.
Fig.5
The differential resistance vs. applied DC bias voltage for the 0 3 . µm junction for different temperatures. The local minima in the differential resistance associated with energy gap positions are marked. All traces except base temperature trace have been offset for clarity.
Fig.6
The positions of the local minima marked in Fig.4 
